In this review, we consider two hypotheses which could explain why high-fat foods are overeaten. The ®rst hypothesis is that fat is overeaten because it affects satiety and satiation less than carbohydrate. In several studies which have evaluated the effects of fat on satiety and satiation, fat differed little from carbohydrate when both the palatability and energy density of the test foods were matched. Therefore it is unlikely that the effects of fat on satiety or satiation provide the primary explanation for why it is overeaten. The second hypothesis is that the high energy density of fat facilitates its overconsumption. Support for this view comes from recent studies in which energy density signi®cantly in¯uenced intake when both the macronutrient content and palatability of the test foods were matched. For example, when individuals were fed diets varying in energy density and could eat as much food as they liked, they ate the same amount of food (by weight) so energy intake varied directly with energy density. Furthermore, when participants consumed foods of low energy density, they felt satis®ed, despite reductions in energy intake. These ®ndings show that energy density is a key determinant of energy intake in that cognitive, behavioral, and sensory cues related to the volume or weight of food consumed can interact with or override physiological cues associated with food intake.
Introduction
While environmental constraints such as economics and food availability in¯uence what and how much is eaten, individuals make many decisions about their food consumption. Some of these relate to nutritional needs while others relate to previous experiences with foods and the pleasure derived from particular sensory properties such as taste and texture. For example, fat in foods, particularly when combined with sugar or salt, can improve the sensory qualities and may contribute to the selection and consumption of high-fat foods (Drewnowski, 1988 (Drewnowski, , 1997 . In the present discussion we will consider two hypotheses that could explain the overconsumption of high-fat foods. The ®rst is that fat is overeaten because it affects satiety and satiation less than carbohydrate. The second is that fat is overeaten because of its high energy density. In this review we propose that when the palatability of high-fat foods is controlled, over consumption occurs primarily because fat increases the energy density of foods and not because it is less satiating than the other macronutrients.
In order to determine the independent roles of the macronutrient composition and the energy density of foods in the regulation of food intake, they must be manipulated separately. This would be an impossible task if energy density and the amount of fat in foods always covaried. Although the fat content of foods can be a major contributor to energy density (Poppitt, 1995; Poppitt & Prentice, 1996) , it is not the only determinant. Energy density is also related to the water and ®ber content of foods. For example, very dry foods have high energy densities and foods with high water content have low energy densities regardless of the fat content. Therefore, while it is true that fat can increase the energy density of foods, water and ®ber can decrease it.
When testing the effects of dietary manipulations on intake it is also important that the palatability of the test foods be controlled. Since palatability of foods can affect intake, manipulated foods should be similarly well-liked across conditions, and experimental manipulations should not be detected by subjects. This ensures that the intended dietary manipulation, but not the palatability of foods, in¯uences food intake. Results from sensory tests in which subjects taste and rate speci®c attributes of the test food (pleasantness of taste and texture) can be used to verify that foods are similarly well-liked across manipulations. Overall, careful formulation allows the macronutrient composition and energy density of the test foods to vary independently while palatability is controlled.
Researchers have used a variety of experimental paradigms to investigate how the macronutrient composition of foods affects energy intake. For example, a number of studies have investigated the effects of dietary fat on satiety (satiety refers to the effects of a food or meal after eating has ended) using a preloading paradigm. This involves giving individuals ®xed amounts of foods (preloads) varying in composition and then measuring the effect of that preload on subsequent food intake. Other studies have examined the effects of fat on satiation (satiation refers to the processes involved in the termination of a meal) (Blundell & Rogers, 1991) . Satiation is assessed by providing individuals with foods varying in composition and measuring the amount of food consumed when food is freely available.
Does the macronutrient content of food affect satiety?
Although there are a number of studies claiming that joulefor-joule carbohydrate has a greater effect on satiety than fat, often these studies were not designed to test this hypothesis Rolls, 1995; Rolls & Hammer, 1995) . In most of these studies, fat and carbohydrate were incorporated into foods and the foods varied not only in macronutrient composition but also in palatability and energy density. Therefore, the independent effect of macronutrient content on food and energy intake could not be clearly demonstrated in these studies.
Before considering whether fat and carbohydrate in foods affect satiety differently, we should ®rst determine whether the nutrients in pure form vary in their effects on food intake. It is dif®cult to administer pure macronutrients orally to humans since pure fat not only tastes unpleasant, but can also induce nausea which is likely to affect subsequent food intake (Geliebter, 1979) . Problems associated with the ingestion of pure nutrients can be avoided by infusing the fat and carbohydrate either intravenously or intragastrically. In one study equal volumes of isotonic saline, fat (Lyposyn, 2092 kJ), or carbohydrate (dextrose, 2092 kJ), were infused directly into the stomachs (via a nasogastric tube) of lean men over 15 min or 3.5 h. Lunch intake was affected by both the macronutrient infused and the rate of infusion. Following the rapid infusion (15 min), fat and carbohydrate had similar effects on satiety as measured by intake at a test meal and subjective ratings. This occurred despite the differing physiological effects of the infused macronutrients. The carbohydrate caused a greater increase in plasma glucose and insulin, and the fat stimulated a greater release of cholecystokinin. Following the slow infusions (3.5 h), fat was more effective in reducing subsequent intake than carbohydrate. The infusion rate did not in¯uence energy intake at lunch when either fat or saline was given, but the rapid infusion of carbohydrate was signi®cantly more effective than the slow infusion of carbohydrate at reducing subsequent intake. In another study (Cecil et al, 1998) , men received isocaloric, intragastric (4180 kJ) infusions of either Intralipid or glucose, matched for volume (500 mL), followed by a test meal 1.5 h after the infusion. There were no differences between the effects of Intralipid and glucose on ratings of hunger and fullness, or on energy and macronutrient intake, thus con®rming the results from the study by . Results from both of these studies indicate that when fat was infused intragastrically, men were sensitive to the satiety value of fat, and fat and carbohydrate had similar effects on satiety.
Different effects are seen if the nutrients are infused intravenously . Using similar test conditions as those described above, six lean young men were infused intravenously over 3.5 h with equal volumes of isotonic saline, fat (Lyposyn, 2092 kJ), or carbohydrate (dextrose, 2092 kJ). They consumed lunch 30 min after the infusion terminated and dinner 6 h later. Subjects did not compensate for the intravenous infusion of energy from either the fat or the carbohydrate over the following 24 h. The results from these studies suggest that mechanisms for satiety associated with fat consumption are located in the gastrointestinal tract since there was a greater reduction in food intake when fat was infused intragastrically than when it was infused intravenously.
The gastrointestinal tract has a variety of mechanisms (mechanoreceptors, chemoreceptors, osmoreceptors and hormonal responses) through which food intake could be regulated (Read et al, 1994) . A number of studies in both humans and experimental animals indicate that the intestinal tract is responsive to energy from fat. When lipid was infused into the small intestine of normal-weight men before and during a meal, there was a premature feeling of satiety and a reduction of food intake (Welch et al, 1985) . Similar infusions of lipid into a peripheral vein did not affect food intake. Although the mechanisms underlying fat-induced satiety are not clearly understood (Read et al, 1994) , it is evident that dietary fat can be detected and monitored. The physiological effects of nutrients can also be overridden by a variety of other factors. These factors will be discussed later when we consider how varying the macronutrient composition andaor energy density of foods affects intake.
Results from preloading studies in which the satiety values of fat and carbohydrate were compared have been summarized previously (Rolls, 1995; Rolls & Hammer, 1995) . In many of these studies, the macronutrient content of preloads was manipulated but no attempt was made to match palatability or energy density. Therefore, factors such as preload volume and rate of stomach emptying could have contributed to the effects reported. In this brief review we will consider only those studies in which the fat-to-carbohydrate ratio was manipulated while both the palatability and energy density of the preloads were controlled.
Fat and carbohydrate may stimulate different preabsorptive and postabsorptive mechanisms for satiety (Rolls & Shide, 1992) that are engaged at different points in time during and following a meal. Therefore, the effect of the length of the interval between preloads varying in fat and carbohydrate and the test meal has been systematically investigated (Rolls et al, 1991) . In one study, high-fat (65% of energy) and high-carbohydrate (81% of energy) preloads of yogurts, matched for energy density, volume and sensory properties, were given to normal-weight, unrestrained males and females 30, 90 and 180 min before a selfselection lunch. In the 30 min delay condition, subjects accurately compensated for the energy in the preloads compared with a no-preload condition, but as the time interval increased, energy compensation was less precise. No signi®cant differences in subsequent food intake between the high-fat and high-carbohydrate preloads were found at any interval. We hypothesize on the basis of this study and other ®ndings (Rolls & Shide, 1992) , that there are multiple physiological mechanisms for satiety which may be active at different times following food intake. One set of mechanisms is engaged rapidly, that is, 20 ± 30 min following the start of eating, and therefore likely depends on mechanisms in the gastrointestinal tract. These preabsorptive mechanisms may account for the accurate energy compensation seen with the 30 min delay. In many preloading studies, test meals were not offered this soon after the preload and consequently there was no opportunity to observe rapid satiety. In studies in which the test meal was offered between 1 and 2 h after the preload, poor energy compensation was often observed (Geliebter, 1979; de Graaf et al, 1992 , Blundell et al, 1993 Rolls et al, 1991) . At these times, satiety mechanisms which are engaged rapidly may no longer be operating, whereas those that depend upon the metabolic actions of nutrients may not yet have been activated.
In the previously discussed studies, the interval between the preload and the test meal was determined by the experimenters and held constant across experimental conditions. In two recent studies, however, the interval between the preload and subsequent food intake was free to vary as subjects requested the test meal when desired. In a study by Himaya et al (1997) men were served lunches varying in fat content (2% or 44%) followed by dinner (at a time requested by subjects). Following the high-fat lunch, subjects requested dinner 38 min later than following the low-fat lunch, however energy and macronutrient intakes were similar. While these results are interesting, it is possible that the differences in the meal request times occurred as a result of differences in energy intake, rather than macronutrient content, since the lunches varied not only in macronutrient content but also in energy content (2139 kJ and 3719 kJ). In another study (Melanson et al, 1997) , men were served drinks varying in macronutrient content, but not energy content. Meal requests took twice as long to occur after the high-fat drink than following the low-fat drink (126 min and 65 min). There were no differences in energy intake following the two drinks. The results from both of these studies indicate that although the effect of fat on satiety may last longer than the effect of carbohydrate, these two macronutrients do not affect subsequent intake differently. More studies are needed to clarify further the sequence of physiological events involved in the effects that fat and carbohydrate have on satiety.
A point that has not yet been emphasized in this review is that individuals may vary markedly in their responses to fat manipulations. Individuals who are obese or who have a tendency to become obese may differ from lean individuals not only in their preference for high-fat foods (Mela & Sacchetti, 1991) , but also in their ability to adjust subsequent intake to compensate for consumption of high-fat, high-energy foods. Such potential individual differences were assessed by testing normal-weight and obese females who were either restrained (concerned about their food intake and body weight) or unrestrained (relatively unconcerned about their food intake and body weight), in addition to normal-weight restrained and unrestrained males . In this study, subjects consumed the same volume of ®ve different yogurts with three different energy levels, which also varied covertly in fat and carbohydrate composition. Two of the pairs of yogurts which varied in macronutrient composition were matched for energy density and all of the yogurts were similar in palatability. When the yogurt preloads were consumed 30 min before a lunch meal in a repeated-measures design, the normal-weight unrestrained men accurately compensated for the energy in the yogurts regardless of the macronutrient composition, con®rming the ®ndings of the previous study (Rolls et al, 1991) . The other groups, however, did not show such accurate compensation.
The most sensitive test of the effects of nutrients on satiety is a dose-response preloading paradigm, such as that employed in the study above. This allows for the calculation of the satiating ef®ciency, the effectiveness with which a certain food or a speci®c dimension of a food would be expected to induce satiety. Kissileff (1984) proposed that by systematically varying speci®c dimensions of preloads, that is, energy or macronutrient content, the satiating ef®ciency of that dimension can be calculated by relating subsequent test meal intake to the magnitude of the preload. In the study described above, in all groups but the unrestrained males, the satiating ef®ciency of the high-fat yogurts was less than that of the high-carbohydrate yogurts as joule-for-joule the high-fat yogurts suppressed intake at lunch less than the high-carbohydrate yogurts.
Overall, these ®ndings suggest that some groups, particularly obese women and those concerned with their body weight, may be relatively insensitive to the satiety value of fat. It must be stressed that this difference between the effects of fat and carbohydrate on satiety, although statistically signi®cant, was very small. Over time, however, even small differences could have an important in¯uence on body weight. Since this is the only demonstration that fat and carbohydrate differentially affected satiety when both palatability and energy density were controlled, there is a need for replication and extension of the ®ndings. It is possible that the type of fat or carbohydrate ingested, the amount and timing of the preloads, as well as who is tested, could in¯uence the effects that fat and carbohydrate have on satiety.
Does the macronutrient content of foods affect satiation?
The studies addressed previously examined the effects of macronutrient composition of test foods on subsequent intake (satiety). Another way to examine the effects of macronutrient composition on intake is to vary the composition of foods and allow individuals to consume those foods ad libitum. Several studies have used this design, therefore assessing the effects of macronutrient content on satiation. In one study, liquid diets varying in fat content (24% and 47%), but similar in energy density were compared (van Stratum et al, 1978) . Most of the energy consumed by the Trappist nuns in this study was from the liquid diets that were offered ad libitum, with standardized snacks contributing 25% of energy intake. Over the two weeks on each diet, the women consumed a constant weight of the manipulated liquid diet and energy intake remained constant. This was the ®rst study to suggest that the fat content of foods did not affect intake. This ®nding was con®rmed in another study in which six normal-weight men were offered each of three 14 d diets varying in fat content (20, 40 and 60% of energy) but similar in energy density (Stubbs et al, 1996) . Again, subjects ate a constant weight of food so that energy intake did not vary between conditions despite the large difference in fat content. In neither of these two studies were adequate sensory tests performed to ensure that the diets did not differ in palatability. More recently, Saltzman et al (1997) fed men diets containing foods varying in fat content (20% and 40%) but matched for energy density and ®ber content. Although the diets were similar in their overall ratings of palatability, the two diets contained different types of foods. The energy intakes on the diets were similar over the 9 d of each dietary condition, again suggesting the level of fat per se did not affect intake. Therefore, the results from these studies indicated that the fat content of foods, independent of its effects on energy density and palatability, did not affect energy intake.
Overall results from studies of satiety and satiation are consistent in their ®ndings that variations in the fat-tocarbohydrate ratio of foods had little in¯uence on energy intake when both palatability and energy density were controlled.
Is energy density the key?
To determine the speci®c effects of energy density on intake, energy density must vary while macronutrient content and palatability are held constant. However, most
Intake of fat and carbohydrates BJ Rolls and EA Bell conclusions related to energy density and its effects on food and energy intake are based on experiments in which individuals were provided with low-or high-fat foods which also varied in energy density. In such studies subjects did not adjust the amount of food consumed in response to changes in the fat content and energy density of the diets and therefore, they consumed more energy on the high-fatahigh energy density diets. For example, Duncan et al (1983) fed men and women high-fat and low-fat diets varying in energy density (6.3 kJag and 2.9 kJag, respectively) and reported that individuals consumed 50% more energy on the high-fat diet than on the low-fat diet. Although not reported by the authors, by calculation we determined that the subjects consumed similar weights of food daily on the high-fat ( $ 2000 g) and low-fat ( $ 2240 g) diets (Rolls & Shide, 1994) . In another study, Lissner et al (1987) provided females with meals varying in fat content (15 ± 20%, 30 ± 35%, and 45 ± 50% of energy) for three two-week periods and found that they consumed similar weights of food on each of the dietary treatments. Compared to their intakes on the medium-fat diet, subjects consumed approximately 11% less energy on the low-fat diet and 15% more energy on the high-fat diet. Kendall et al (1991) fed subjects low-fat diets (20 ± 25% of energy from fat) and high-fat (35 ± 40% of energy from fat) diets, each 11-weeks in length, and reported that subjects had lower intakes on the low-fat diet than on the high-fat diet. Again the weight of food consumed remained relatively constant. In a study by Stubbs et al, (1995) in which men were fed each of three diets varying in energy density (4.8, 5.6, and 7.0 kJag) and fat content (20, 40, and 60% of energy) over 14 d, subjects consumed a constant weight of food across dietary treatments with energy intake greatest on the high-fatahighenergy density diet and lowest on the low-fatalow-energy density diet. Miller et al (1998) provided further evidence that individuals consume similar amounts of food, regardless of changes in fat content and energy density even during discrete eating periods such as snacking. In that study, men and women consumed similar amounts of no-fat and regular potato chips, and thus energy intake varied accordingly. These studies show that energy intakes were greater when high-fatahigh energy density foods or diets were consumed than when those that were lower in fat and energy density were consumed. These results also indicate that individuals failed to adjust the amount of food consumed in response to changes in macronutrient composition and energy density. Because fat content and energy density co-varied in these studies, the independent effects of either fat content or energy density on food and energy intakes could not be determined.
Energy density is dependent not only on fat content, but also on other factors such as the water and ®ber content of foods. A recent analysis of over forty 4 d weighed food intake records from non-obese men and women found only modest correlations (0.20 ± 0.32) between fat content of the diet and energy density (Seagle et al, 1997) . These ®ndings suggest that energy density can vary independently of fat content. Furthermore, the food supply in developed countries has changed and the energy density of some low-fat foods (fat-modi®ed) is in fact similar to that of their full-fat counterparts.
To examine the independent effects of energy density on food and energy intakes, energy density must vary while macronutrient content and palatability are held constant. Formulating food andaor diets which vary in energy density, but not macronutrient content and palatability is a challenging task that few researchers have attempted. In the following section, we will review results from recent studies conducted in our laboratory in which the effect of energy density on food intake was examined independent of macronutrient content and palatability.
Does the energy density of foods affect satiety?
In one recent study, the effects of energy density on satiety were examined. In this study by Rolls et al (1998a) , lean men were served a milk-based preload varying in volume (300, 450 and 600 ml), but not energy or macronutrient content or palatability. Because the energy content (2088 kJ) was held constant, the milk drinks varied not only in volume, but also in energy density. There were no differences in subjects' ratings of pleasantness of taste, sensory properties and prospective consumption of the milk drinks across the conditions con®rming that palatability was controlled. The results showed that preload volume, and therefore energy density, affected energy intake at lunch such that energy intake was greater following the high-energy density preload (300 ml; 6.3 kJag) than the low-energy density preload (600 ml; 3.4 kJag) (Figure 1 ). This effect was still present when energy intake at dinner was included. These results indicate that the volume of foods consumed and energy density are important determinants of satiety.
Does the energy density of foods affect satiation?
Results from a study by Bell et al (1998a) demonstrated that energy density can have a signi®cant effect on satiation. The energy density, but not macronutrient content or palatability, of all foods offered to be consumed ad libitum over 2 d was manipulated in this study. The energy densities of the three diets were: low, 4.27 kJag; medium, 4.90 kJag; and high, 5.61 kJag. Ratings of pleasantness of taste and texture, and prospective consumption of each manipulated entree were similar to their counterparts across conditions. Normal-weight women ate a similar weight of Figure 1 Effects of varying the volume consumed in a preload (300, 450 or 600 ml) on lunch intake (mean AE SEM) in men. Macronutrient composition, energy content and palatability of the preloads were similar across conditions. Means with different letters are signi®cantly different (P`0.05). From Rolls et al (1998a) ; reprinted with permission.
Intake of fat and carbohydrates BJ Rolls and EA Bell S169 food across conditions so that daily energy intakes varied directly with the energy density of the diets (Figure 2) . The participants consumed approximately 30% less energy on the diet of low energy density than on the diet of high energy density, but there were no differences in subjective ratings of hunger and fullness. The results from this study provide clear evidence that energy density can affect satiation independent of macronutrient content and palatability.
Effects of macronutrient content or energy density when a portion of the diet is manipulated
The studies considered so far have either employed the preloading paradigm where a ®xed amount of manipulated food is given before a buffet-style meal or manipulated the composition of the entire diet and allowed individuals to consume manipulated foods ad libitum. Another experimental design, which has been utilized in several studies, is one in which a ®xed portion of the total diet was varied. This method may have more ecological validity in that many individuals may choose to lower the fat or energy content of some foods in their diet but not that of all foods they consume.
In one study, lean males were required to consume in full a lunch in which the carbohydrate or fat content varied by approximately 1670 kJ (Foltin et al, 1990) . Over the rest of the day, they could consume as much as they liked from a wide selection of foods. Differences in the macronutrient and energy content of the lunches were accomplished through the use of commercially available foods such as salad dressings and processed meats and the subjects were unable to detect the differences in the foods. Neither the macronutrient content nor the energy density of the lunch affected total energy consumed daily by these lean men.
In a second study, lean men were required to consume in full breakfast, lunch and an afternoon snack for 2 d in each of six dietary conditions varying in macronutrient content and energy content (Foltin et al, 1992) . A wide variety of other foods was provided and these foods could be consumed ad libitum. Despite substantial variations in the fatto-carbohydrate ratio and energy content of the compulsory portion of the diet, daily energy intakes remained constant across conditions except in the condition with the lowest energy density. In that condition, daily energy intake was reduced signi®cantly. These two studies are informative in that they show that lean young men have a remarkable ability to maintain a constant daily energy intake despite large differences in the compulsory foods. However, in these studies, the macronutrient content and the energy density of the compulsory foods were not manipulated independently so their relative roles cannot be determined.
We recently completed a study in which we manipulated the energy density andaor the fat content of part of the diet in order to determine their impact on energy intake (Bell et al, 1997a; Pelkman et al, 1997; Rolls et al, 1998b) . In a within-subjects design, lean and obese women consumed meals for four, 4 d test periods. In three of these test periods, subjects were served entrees, varying in macronutrient content andaor energy density, representing 50% of each subject's usual energy intake at breakfast, lunch and dinner. These entrees were required to be consumed in full. Additional foods were consumed ad libitum during and between meals. The results from this study showed that the fat content of the compulsory foods had no signi®cant effect on energy intake (Figure 3 ). The energy density of the compulsory foods, however, did affect energy intake (Figure 3 ). Both lean and obese women consumed less energy at meals when the compulsory foods were lower in energy density than when they were higher in energy density. This trend persisted throughout the day but only reached signi®cance for the obese women. These results showed that, when a portion of the diet was manipulated, energy density, but not fat content, affected energy intake.
How energy density affects food intake
While in some situations, energy intake appears to be regulated, in other situations, this is not the case. For example, it is evident from the studies discussed in this review that the energy density of foods can have a potent effect on energy intake. There are several possible explanations of how energy density in¯uences intake. A food of high energy density is smaller in amount (by weight or volume) than an iso-energetic serving of a food that is lower in energy density. At least part of the explanation for how energy density in¯uences intake could be that the volume consumed affects the magnitude and timing of the effects of nutrients on satiety receptors. In addition, other Figure 2 Effects of diets varying in energy density, but not macronutrient composition or palatability, on cumulative food consumption by weight (A) and on energy intake (B) (mean AE s.e.m.) in women. Means with different letters are signi®cantly different at each time point (P`0.05). Energy densities of the diets were: low, 4.3 kJag; medium, 4.9 kJag and high, 5.61 kJag. Modi®ed from Bell et al (1998a) ; reprinted with permission.
Intake of fat and carbohydrates BJ Rolls and EA Bell cues related to the volume of food consumed (namely, cognitive, behavioral and sensory) may interact with or override physiological factors. Typically, individuals are not aware of the energy density or energy content of foods so they may rely on their previous experiences with similar foods to determine the appropriate amount to consume. Knowledge of eating an amount of food that constitutes a culturally-acceptable meal (Rozin, 1996) , or knowledge of portion sizes appropriate for the satisfaction of hunger (Rolls & Hammer, 1995) can both affect food intake. Beliefs about the energy or fat content of food can also affect food intake (Caputo & Mattes, 1993; . Therefore, when provided with a large serving of food, regardless of its actual energy content, individuals may believe that it will satisfy hunger. Conversely, when a serving size is small, individuals may believe that the food is not suf®cient to alleviate hunger.
Studies indicate that individuals are sensitive to the amount of food consumed. For example, cues related to volume were suf®cient to modulate the effect of energy content on satiety in normal-weight men. In other studies, when individuals were allowed to consume foods ad libitum varying in fat content andaor energy density, they consumed a constant weight of food regardless of the fat content or energy density of the diets. This relative constancy of the amount consumed was seen in studies ranging from 1 d to 11 weeks in length with individuals not adjusting food intake in response to energy de®cits or surfeits. Furthermore, results from an analysis of 4 d weighed food records from 45 non-obese adults showed that the weight of food consumed daily was more constant than either total energy intake or fat intake (Seagle et al, 1997) . Overall, these results indicate that the amount of food consumed may be a stronger in¯uence on intake than energy content or macronutrient composition of foods.
Sensory-speci®c satiety (the decline in the pleasantness of a food as it is consumed, while other foods remain pleasant) is another factor that can in¯uence food intake. Typically, sensory-speci®c satiety leads to the termination of eating a particular food while promoting the selection and consumption of other foods that have different sensory properties. Studies have shown that the energy content of foods does not affect sensory-speci®c satiety. In investigations by Rolls et al (1988) and Miller et al (1996) , individuals were allowed to consume ad libitum high and low-energy versions of test foods, that were similar in palatability. The energy content of the test foods (soup and gelatin) in the study by Rolls et al, was modi®ed by using maltodextrin or aspartame. In the study by Miller et al the energy content of potato chips was modi®ed by using olestra. In a study by Bell et al (1997b) , normal-weight women were allowed to consume ad libitum three versions of a pasta bake varying in energy density, but not macronutrient content or palatability. Energy density of the test food was manipulated by varying the proportion of low®ber vegetables and pasta so that the low energy density version contained more vegetables and less pasta (more water) than versions that were higher in energy density. Results from these three studies showed that individuals consumed similar amounts (by weight) of the foods, regardless of their energy density, and that there were no differences in sensory-speci®c satiety or in their subjective ratings of hunger and fullness despite the differences in energy intake. In another study, Bell et al (1998b) examined whether the volume of foods consumed affected sensory-speci®c satiety. In this study, normal-weight women consumed three versions of a milk-based drink that were similar in macronutrient composition and palatability, but differed in energy content andaor volume. The three versions of the milk-based drink were: (1) 1741 kJa250 ml; (2) 1741 kJa500 ml; and (3) 3481 kJa 500 ml. Results showed that sensory-speci®c satiety was affected by volume consumed (conditions 1 vs 2) but not energy intake (conditions 2 vs 3). These studies indicate that cues related to the volume of foods may have a stronger in¯uence on changes in the pleasantness of a food as it is consumed, and thus the termination of eating, than do physiological needs for energy.
If cues related to volume andaor weight of food consumed (namely, cognitive, behavioral and sensory) override physiological controls, then the energy density of foods will be a key determinant of intake. It is probable that when a diet is low in energy density, individuals may terminate eating before enough food has been consumed to meet energy needs. Likewise, if diets are high in energy density, individuals may fail to stop eating when a suf®cient amount of food to meet energy needs has been consumed. Therefore, the energy density of foods should be an important consideration in diet therapy Rolls & Hill, 1998) . For example, diets of low energy density may be effective for treating obesity since individuals could consume adequate amounts of food and perhaps not experience adverse feelings frequently associated Figure 3 Effects of varying the (A) energy density and (B) macronutrient content of 50% of a 4 d diet on daily energy intake in lean and obese women (mean AE s.e.m.). Compulsory foods were manipulated and required to be consumed in full. Side dishes and snacks were allowed to be consumed ad libitum. Means marked with the same letters are signi®cantly different. Fat content and energy densities were: low-fatalow energy density, 16.9% fat, 4.4 kJag; low-fatahigh energy density, 16.4% fat, 6.7 kJag; and high-fatahigh energy density, 36.5% fat, 6.6 kJag.
with dieting, such as hunger or food deprivation. A decline in the prevalence of obesity may be paralleled by decreases in the occurrence of disorders associated with obesity, including cardiovascular disease, type II diabetes and certain cancers. In addition, diets of low energy density typically include a high proportion of fruits and vegetables which contain compounds (antioxidants and dietary ®ber) shown to be bene®cial for decreasing risks of many diseases. On the other hand, foods of high energy density may be useful in situations of energy de®cit, malnutrition and hyper-metabolic states since a small volumeaweight of food would contain a signi®cant amount of energy.
Conclusions
In this review, we considered two hypotheses which could explain why fat is overeaten. The ®rst hypothesis was that fat was overeaten because it affects satiety and satiation less than carbohydrate. Results from several studies indicated that when both energy density and palatability were matched, fat and carbohydrate had similar, or only slightly different, albeit statistically signi®cant, effects on satiety and satiation. In the second hypothesis, we proposed that the over-consumption of high-fat foods was due to their high energy density. Results from well-controlled studies lend support to this hypothesis. These studies demonstrated that when energy density varied, but macronutrient content and palatability were constant, energy intake was directly related to changes in energy density. Furthermore, results from studies indicated that when individuals consumed foods of low energy density, they felt satis®ed, despite reductions in energy intake. These ®ndings suggest that energy density is a key determinant of energy intake in that cues related to the volume or weight of food consumed can potentially interact with or override physiological cues associated with energy intake. Thus, when implementing dietary recommendations with regard to either under-or over-nutrition, the energy density of foods should be an important consideration.
